We utilize the multiple linear regression method to analyse meteorological data for eight cities in Burkina Faso. A correlation between the monthly mean daily global solar radiation on a horizontal surface and five meteorological and geographical parameters, which are the mean daily extraterrestrial solar radiation intensity, the average daily ratio of sunshine duration, the mean daily relative humidity, the mean daily maximum air temperature, and the sine of the solar declination angle, was examined. A second correlation is established for the entire country, using, this time, the monthly mean global solar radiation on a horizontal surface and the following climatic variables: the average daily ratio of sunshine duration, the latitude, and the longitude. The results show that the coefficients of correlation vary between 0.96 and 0.99 depending on the station while the relative errors spread between −3.16% (Pô) and 3.65% (Dédougou). The maximum value of the RMSD which is 312.36 kJ/m 2 is obtained at Dori, which receives the strongest radiation. For the entire cities, the values of the MBD are found to be in the acceptable margin.
Introduction
The quantification of the solar energy potential depends on many parameters such as the availability, the number and location of synoptic stations, and the utilization of adequate formalism for its evaluation. A review of solar radiation models [1] and measurement techniques [2] are presented by Pandey and Katiyar. They noted that the first correlation has been suggested by Angstrom [3] ; it relates the global solar radiation to sunshine duration. The modification of the Angstrom relation has been made by Page [4] and Prescott [5] . Afterwards, many other researches have been accomplished in specific countries throughout the world, for example, in Romania [6] , in Malaysia [7] , in Iran [8] , in China [9] , and in Ghana [10] . In 2006, some of these countries have been compiled by Skeiker [11] . Many investigators [12, 13] have utilized the latitude and the solar declination. Yet others have introduced geographical and meteorological parameters [14] [15] [16] . Recently, Dumas et al. presented a new correlation between global solar energy radiation and daily temperature variations [17] .
In Burkina Faso, preliminary investigations have been made by Garané [18] and Baldy [19] who established a correlation between the solar radiation and the sunshine duration spanning from 1971 to 1990 (Garané) and 1971 to 1975 (Baldy) for five cities. In the present study, we look forward to extending the early investigations by determining first of all the coefficients of the modified Angstrom correlation, noted as and for eight cities. Next, we seek to establish, successively, correlation relations between the global radiation and five climatic variables for the eight cities. Finally the monthly mean global solar radiation on a horizontal surface 2 Journal of Solar Energy Table 1 : Geographical locations of the eight cities of concern [20] . and the following climatic variables, the average daily ratio of sunshine duration, the latitude, and the longitude, would be investigated. 
Equipment and Data Collection

Estimation of the Extraterrestrial Solar Radiation on a
Horizontal Surface ( ) and the Maximum Sunshine Duration. The extraterrestrial radiation on a horizontal surface ( , kJ/m 2 ) is determined utilizing the following relation [21] [22] [23] . Indeed the measurement data of global solar radiation provided by the national meteorological service are in kJ/m 2 . Consider = 3.795
The quantity 3.795 ⋅ 10 4 given by Jannot [22] to convert the extraterrestrial radiation into kJ/m 2 comes from the term (24/ ) * 0 . The value of the solar constant 0 used by Jannot is 1380 W/m 2 . This quantity takes into account the eccentricity correction factor of Earth's orbit which is calculated using the following relation:
In relations (2) and (4), is the number of the month in the year starting with January and the number of the day in the month. Let us announce that, by carrying out the calculation programme under the Matlab software, we took account of conversions on each time the need is essential.
In relations (1) and (3) is the latitude; is the solar angle of the sundown, obtained from the next relation:
is the declination which is inferred from the following equation:
We also define the hour angle as follows:
where is the solar hour of the day. The hour angle at sunset is opposite to its sundown equivalent; therefore, = − .
The solar hour at sunrise is given by
At sunset the equivalent solar hour becomes
We can then infer the maximum daily sunshine duration as follows:
Estimation of the Regression Coefficients
First of all, we averaged, over one-year interval, the global radiation ( ) and the sunshine duration data collected by the national meteorological service from 1992 to 2006. Next, we estimate the extraterrestrial radiation on a horizontal surface ( ) and the maximum sunshine duration ( ) for each station for the entire year. Finally, a linear relation of Angstrom type is utilized for a correlation between the index of clearness ( / ) and the daily ratio of sunshine duration ( / ). Now, let us recall the original Angstrom formula which is
where is the number of hours of daily sunshine duration, is the maximum number of hours of daily sunshine duration, is the daily global radiation on a horizontal surface, is the daily global radiation on a horizontal surface by clear sky, and and are coefficients to be determined.
In the original Angstrom formula (9) , is found to be difficult to determine. Thus, Page [4] and Prescott [5] formulated a modified relation in a manner that the extraterrestrial radiation on a horizontal surface appears; that is,
Here, and are constants to be determined experimentally for each region. We rewrite relation (10) in a more useful form as follows:
In this relation, the ratio / usually denoted by is known as the index of clearness. It is an indication of the degree of purity of the atmosphere; it indicates the presence of aerosols or water molecules in the atmosphere. The ratio / is the fraction of sunshine duration, expressed as the quotient of the actual ( ) divided by the theoretical ( ) sunshine duration. The coefficients and are obtained by drawing the fraction of sunshine duration as a function of the index of clearness; then, is the ordinate and is an indication of the value of the fraction of the incident radiation for a covered sky; , on the other hand, is the slope of the regression line. The sum ( + ) gives an indication on the transmissivity of the atmosphere in condition of clear sky [18] .
For each city, a correlation is established between the global solar radiation on a horizontal surface and five meteorological parameters, which are the mean daily extraterrestrial solar radiation intensity, the average daily ratio of sunshine duration, the mean daily relative humidity, the mean daily maximum air temperature, and the sine of the solar declination angle. For the entire country, a correlation is realized involving the index of clearness, the average daily ratio of sunshine duration, and the latitude and longitude. For the relations of correlation involving many parameters, we have utilized a multiple linear regression suggested by Skeiker [11] :
where , , , , , ℎ are the regression coefficients and 1 , 2 , 3 , 4 , 5 the correlation parameters. The relative error between the measured and estimated quantities is calculated from the following relation:
where , is the monthly average of daily global radiation measured over a horizontal surface for the th month and , is its value obtained from the relation of correlation. Usually, a precision in the interval of −10% to 10% is acceptable, Skeiker [11] . For the same purpose, we can also compute statistical test parameters such as the root mean square differences (RMSD) and the mean bias differences (MBD), given by the following relations:
Equation (14) provides information on the short term performances of the correlations by allowing a term by term comparison between the calculated and the measured values. The smaller the deviations are the better the model's performances are. Consider
The above test relation provides information on the long term performance. A low MBD is desired. A positive value gives the average amount of underestimation in the calculated value and vice versa. A drawback of this test is that overestimation of an individual observation will cancel underestimation in a separate observation. On the other hand, the performance of the model is tested by the following statistical equation:
The smaller the value of , the better the model's performance. The critical quantity is calculated at /2 where is the level of significance and ( − 1) the degrees of freedom. The degree of confidence is about 95%, which sets = 5% and /2 = 2.5%. Figure 1 indicates the mean values of the indexes of clearness for the eight synoptic stations. The indexes are comprised between 0.36 and 0.66 which indicates that the atmosphere contains impurities all year long. The lowest value is obtained at Gaoua, a region with a tradition of relatively heavy rainfall. This lowest index is, therefore, due to the albedo of the cloud 
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Regression coefficients , and the presence of water molecules in the atmosphere. The highest index, 0.66, is obtained at Dori, a city located at the northern tip of the country, with scarce rainfalls. For all eight stations, the highest values are observed between the months of November and February. This period corresponds to the dry season with no cloud in the sky. However, the 0.66 index is an indication of the presence of impurities in the atmosphere which is due to the important phenomenon of absorption and diffusion of solar radiation by the aerosol particles. During this period, the strong winds of harmattan, carrying dust, sand, and many other small objects, feed the atmosphere with aerosol particles of all sizes. Indeed, Latha and Badarinath [24] have noticed that the concentration of aerosol particles of sizes PM 10 and PM 2.5 is strong during the same period (harmattan) and weak on the other hand, during June to October (monsoon) in urban area in tropical regions. At Gaoua, Fada and Bobo, Pô, and Boromo, the permanence and the concentration of the clouds during the month of August explain the strong drop of the indexes of clearness. On the contrary, the increase during the month of October is due to the purity of the atmosphere just after the end of the raining season, Figure 2 . The daily ratio of sunshine duration varies between 0.45 and 0.86 and represents the ratio of the real sunshine duration ( ) and the theoretical sunshine duration ( ), the national mean value being 0.68. Towns with lower latitudes have lower value of the daily ratio of sunshine duration, once again due to the heavy rainfalls which shorten the sunshine duration.
The Regression Coefficients of the Modified Angstrom's
Relation. We show in Table 2 the results of this research based on the relation of Angstrom. For all the stations, the correlation coefficient is greater than 0.90. We next compare the actual coefficients with the preliminary results established by Garané [18] and Baldy [19] for five stations. The values of ( + ) are quite similar. For the values obtained throughout the country, the coefficient ( ) rather decreases from (3) to (1) and ( ) increases somehow in the same period from (3) to (1) . This is an indication of the presence of aerosols in the atmosphere. The values of the correlation coefficients which are greater than 0.90 for all cities tend to indicate good correlations between the global radiation and the sunshine duration. On the other hand, the mean value of 0.81 for the entire country is a good indication of the disparities between the radiation intensities of the regions due to the latitude, especially when we move from north to south. We present next the correlation results when we take into account the latitude and longitude. Table 3 shows the regression and correlation coefficients obtained for each synoptic station. Substituting the correlation parameters 1 , 2 , 3 , 4 , and 5 in relation (12) , respectively, by o , / , , max , and sin , we obtain the following: Hence, for a given station, the correlation between the global radiation on a horizontal surface and the five parameters is obtained by replacing the regression coefficients , , , , , and ℎ with their respective numerical values.
Correlation of the Radiation Intensity for the Eight Synoptic Stations.
The values of the regression coefficients , , , , , and ℎ vary both with and within the same location. The study of Skeiker [11] showed that when the number of regression coefficients, for the multiple linear regression models, is higher results obtained are better. The correlation obtained is nevertheless good between the parameters. The lowest value of the correlation coefficient is obtained at Pô ( = 0.9661) while the highest is reached at Gaoua ( = 0.9958). For the city of Boromo, a correlation is established between the monthly mean daily global solar radiation on a horizontal surface and four parameters because the coefficient "ℎ" shows a different behavior to the rest of the city when we take into account the solar declination angle.
We compare in the following, Figures 3-6 , the measured solar radiation intensity, its estimated values obtained from the Angstrom relation, and the results obtained from the correlations based on the five meteorological parameters. The figures clearly show two picks corresponding to two hot seasons, respectively, from March to June and in October. As for the indexes of clearness and the ratio of sunshine duration, the lowest radiation values are observed during the raining season. For the station of Ouagadougou, the relative error varies between −1.25% and 1.31% while the RMSD is estimated to be 141.81 kJ/m 2 . For Dori station, the relative error is comprised between -2.78% and 1.98% and the RMSD is equal to 312.36 kJ/m 2 . All these results are in the acceptable margin. We obtained small errors because the values simulated are compared with the average of measurement data over the period of the study 
where (in radian) stands for the longitude and the other parameters have been defined already.
The value of 0.94 for the correlation coefficient is an indication of good correlation between the parameters. Table 5 gives the calculated and the estimated values of (18) and the corresponding relative error on the indexes of clearness. These errors vary from −6.12% for the station at Ouagadougou to 4.00% for the station at Bobo, which is an indication of good agreement between estimated and calculated values.
Conclusions
Besides the indication of the presence of aerosols in the atmosphere, we established a correlation relation between the global radiation and five geographical and meteorological parameters for eight stations disseminated throughout the country. This correlation of the global radiation intensity shows particularly its dependency with the latitude, as the higher the latitude, the greater the global radiation. However, this trend no longer stands around urban area like Ouagadougou, which experiences lower radiation than Boromo. Another main contribution is the establishment of a relation of correlation which is valid for the entire country. Therefore, for better calibration of solar equipment, care must be made in gathering solar radiation data. For instance in Burkina Faso, not only are the meteorological stations scarce, but also they lack direct radiation measurement equipment which makes it difficult to quantify this parameter, known to be very important for the calibration of solar thermal technologies. Although the correlation equations of direct and diffuse radiation exist in the literature, they need to be rather inferred from the measurements of the country's stations.
This work can be itself extended by incorporating the influence of parameters such as the atmospheric pressure and the dew point temperature or by choosing a reference year. The actual results will be of great importance for the quantification of the global solar radiation, especially for those stations which are only measuring solar sunshine duration. Finally, the correlation relations obtained will facilitate the estimation of the solar systems performances.
